A high-sensitive and fast-response photodetector based on BiFeO 3 (BFO) ferroelectric thin film is fabricated using coplanar electrode configuration. A large photocurrent/dark current ratio is found up to two orders of magnitude at 1 V bias. Enhanced photocurrent and rectification behavior of the photodetector are observed after applying high voltage pulses to the BFO film. The short-circuit current varies systematically with the poling process and increases linearly with the light density. On the contrary, the open-circuit voltage keeps as a constant during the measurements. We attribute these behaviors to the depolarization field and the interfacial fields at the film-electrode interfaces. The BFO device presents a peak response of 0.15 mA/W at 365 nm and the response speed is on the order of tens of nanoseconds. Our work highlights the potential application of photodetector based on the ferroelectric materials. V C 2015 AIP Publishing LLC.
Ferroelectric materials have been of interest for photovoltaic application due to its switchable rectifying behavior, polarization-dependent photovoltages, the efficient electronhole pair separation at ferroelectric domain walls, and ultrafast carrier dynamics under above band-gap femtosecond optical excitation. [1] [2] [3] [4] Among all the ferroelectric materials, BiFeO 3 (BFO), possessing simultaneously ferroelectric and antiferromagnetic order at room temperature, had been extensively studied in the last decade. The large remnant polarization ($90 lC/cm 2 ) and the narrower band gap ($2.67 eV) offer a promising opportunity in fabricating optoelectronic devices. [5] [6] [7] Moreover, the multiferroic nature of BFO allows one to tune the photoelectric effect using magnetic fields or electric poling, endowing the next generation optoelectronic devices with additional degrees of freedom. Especially, the photoinduced current in BFO has demonstrated various exotic properties, including laserinduced ultrafast GHz irradiation 8 and photostrictive response with photo-induced lattice parameter expansion. 9 Deeper insight into the mechanism as well as their potential applications can be gained by tracking carrier dynamics via a time-domain optical spectroscopy technique.
A switchable diode and significant photovoltaic effect were first observed in Au/BFO/Au sandwich structure. 10 Followed by Yang et al., a prototype ferroelectric photodetector based on BFO thin film was achieved for the first time. They found a large open-circuit voltage of 0.8-0.9 V and the external quantum efficiency of 10%. 11 Several scenarios have been suggested to illustrate the origin of ferroelectric photovoltaic effect in BFO. Yuan and Wang think a tunable depletion region induced by polarized surface charges leads to the asymmetric rectification curves and the switchable photocurrents. 12 Besides, the role of the oxygen vacancies to the ferroelectric photocurrents was emphasized thereafter. The polarization-induced surface charge combined with the migration of oxygen vacancies provides the primary driving force for the generation of photocurrents. 13 Very recently, the influence of conductive ferroelectric domain wall on the photovoltaic was proposed. The anomalous photovoltaic effect in BFO thin films resulted in a considerably larger open-circuit voltage than the band-gap. 2, 14 Regardless of the frequently-used sandwiched structure, [15] [16] [17] [18] the BFO photodetectors with transverse electrode configuration were also reported. 2, 19 The interdigitated electrode fabricated on the sample surface allows the direct irradiation of light on the film-electrode interfaces. Meanwhile, the large gap between the two metallic electrodes reduces the chance of electrical breakdown. However, the maximum short-circuit currents of existing photodetectors are only tens of pA, which is too small to meet the requirement of the practical applications. In this letter, a photodetector on the basis of BFO thin film with tunable in-plane polarization is demonstrated. The photocurrent is enhanced when the BFO film is polarized with transverse electric field. The short-circuit current can be systematically changed by the application of electrical pulses. The high-sensitivity and fast-response to the illumination demonstrate the potential application of the defined BFO photodetector in our work.
150 nm thick BFO thin film was grown on a SrTiO 3 (100) wafer by pulsed laser deposition (PLD). The oxygen pressure and the substrate temperature were kept at 0.1 mbar and 650 C during the deposition, respectively. After the deposition, the BFO film was in-situ annealed in the pure oxygen for 1 h and then cooled down to the room temperature slowly at a rate of À2 C/min. The structural analysis was carried out by x-ray diffractometer, demonstrating a pure single phase of the BFO film. The atomic force microscopy shows the surface roughness of $0.6 nm, ensuring the further deposition of smooth interdigitated electrodes on the sample surface. An Au layer with thickness of $100 nm was deposited on the top surface by electron beam evaporation. Conventional UV lithography and etching technique were used to fabricate the coplanar interdigitated electrodes (as shown in Fig. 1(b) ). The finger width and the interspacing of electrodes are 10 lm, and the finger length is 2 mm. The calculated effective active area (exposed to light) of our devices is 0.16 mm 2 . For the photovoltaic measurements, a sourcemeter (Keithley 2400) and a continuous laser with wavelength of 405 nm (h ¼ 3.06 eV) and the adjustable power density were used to measure the current-voltage characteristics in dark and under the illumination. A digital oscilloscope with linewidth of 1 GHz and input impedance of 1 MX was used to record the steady-state photovoltaic signals of the devices. The spectral responsivity was measured by employing a monochromator combined with an optical chopper, a lock-in amplifier (Standford SR-380), and a 500 W Xe lamp. Fig. 1(a) shows the comparison of I-V curves of the BFO photodetector in virgin state when it is kept in dark and under the illumination. Sketch of the sample structure and the measurement circuit is shown in Fig. 1(b) . The straight line suggests Au-BFO-Au interfaces are the Ohmic-type contacts when the BFO film is in an initial state before the application of high voltage pulses. The dark currents at zero and À1 V bias are À19 and À66 pA, respectively. A significant photoconductive response is observed under the illumination. The ratio of photocurrent to dark current at À1 V bias is about 70. However, no evident open-circuit voltage (V oc ) is detected. The short-circuit current (I sc ) is only À33 pA, which is comparable with the dark current. Then, we repeat the I-V measurements after the BFO film is polarized by high voltage pulses. Henceforth, we define the positive polarized state (P r þ ) is the state when the sample is polarized by positive voltage pulses on the left electrode, i.e., the negative polarized state (P r À ) can be achieved by the negative pulses. The voltage pulses we applied is with the amplitude of þ/À200 V and the pulse width of 140 ms. The interval time between two adjacent pulses is 700 ms. We find the I-V curve changes gradually with applied successive voltage pulses. After the film is poled with 200 positive voltage pulses, a considerable short-circuit photocurrent (I sc ) of À2 nA (current density of 6.63 Â 10 À4 A/cm 2 ) is accumulated. The photocurrent at P r þ state is enhanced by two orders of magnitude compared with that of the initial state. The I-V curves of the poled BFO film under illumination with varied light intensities are shown in Fig. 1(c) . Notably, the I-V curve deviates from straight line after the sample is poled with high voltage pulses. The photocurrent of I-V curve at À1 V bias for light intensity of 24.25 mW is more than 3 times of that at þ1 V, exhibiting a slight rectifying effect. The direction of I sc is always opposite to the poling direction and the amplitude is dependent on the incident light intensity. However, the V oc of 0.2 V keeps as a constant against the light intensity. Similar effect is also found in the P r À state, as shown in Fig. 1(d) . With the polarity reversing, both I sc and V oc change their signs. The dependency of I sc /V oc on the light intensity is shown in Figs. 1(e) and 1(f) . The linear relationship between I sc and the light intensity indicates that the carrier concentration in our BFO thin film is determined by the incident light intensity. Increasing light intensity can generate more electron-hole pairs which are separated by internal field, consequently leading to larger I sc . Fig. 2(a) gives a steady-state photovoltaic signal at zero bias after the BFO film is positive (negative) polarized. When the light intensity is 24.25 mW, the photovoltaic signal is $2 mV. In addition, we find no hint of photovoltage degradation during multiple on-and-off cycles of the illumination light, demonstrating an excellent retention and high stability. A voltage pulse of þ/À200 V, corresponding to a high electric field of $200 kV/cm, is used to reverse the polarization of the BFO film. The rectification direction depends on the ferroelectric polarization, and the shortcircuit current is always opposite to polarization direction. So the polarization clearly plays an essential role in the photovoltaic effect. On the other hand, the migration of defects such as oxygen vacancies (V os ) must be taken into account for the electric-field-induced switching. As shown in Figs. 2(b) and 2(c), with the polarization flipping, the short-circuit current does not immediately reverse its direction. It decreases gradually at first and then reverses its sign, which illustrates both the domain kinetics under the electric field and the migration of oxygen vacancies make a vital contribution to the photocurrent. Fig. 3 shows the schematic diagram of the energy band of our system. The work function u of Au is taken as 5.1 eV, and the electron affinity v and work function u of the BFO are estimated to be 3.3 eV and 4.7 eV, respectively. 20, 21 Owing to u Au > u BFO , when the Au is in contact with the ntype BFO, electrons will pass from the conduction band of BFO into Au until their Fermi levels equalize. For the Au/ BFO/Au planar configuration, there are two back to back Schottky junctions at the two interfaces as shown in Fig. 3(a) . Considering the existence of interface state and pinning effect, the barrier height between the Au and the BFO is expected to be reduced. In our planar device, the linear I-V curves in the scanning range of 61 V indicate the Schottky barrier has an insignificant effect on the electrical transport behavior. However, when the BFO film is polarized under the excitation of large electric fields, the surface bound charge associated with ferroelectric polarization will affect the electron affinity and thus will naturally modulate the energy band. The accumulation of positive (negative) surface bound charge at the polarization head (tail) side shifts the ferroelectric energy band down (up). 22 At the same time, mobile oxygen vacancies with positive charges in BFO accumulate at the negative electrode (polarization head) driven by the successive voltage pulses. The barrier height can be further increased by the piling up of oxygen vacancies as shown in Figs. 3(b) and 3(c) .
It is well known that the photocurrent consists of drift current (I drift ) and diffusion current (I diffusion ). Drift current is a flow of charge carriers driven by the electric field. In our scenario, the I drift is composed of three parts. One is the I inter-drift from the depletion area at the two interfaces between Au and BFO. The build-in electric field at the space charge region could separate the photo-generated electrons/ holes, forming a part of drift current. The second one is I dedrift , caused by depolarization field. The depolarization field is caused by the surface bound polarization charge. Polarization of a polar material gives rise to thin layers of bound charges distributed on the surfaces which in turn generate an associated electric field. The direction of this electric field is always anti-parallel to polarization. The depolarization field also affords an electric field to move carriers. The last one is I bias , provided by biased voltage. On the other hand, the I diffusion is caused by the gradient distribution of holes/electrons. Carriers always diffuse from high density areas to low density regions, forming the so called diffusion current. Under illumination, photo-generated electrons diffuse effectively to the nearby electrode due to their higher mobility, and thus leaving behind a great number of holes. Especially, where the oxygen vacancies are accumulated, electrons are much easier to be trapped at the V os and thus the photo induced holes become the extra free carriers. They could travel to the farther electrode, driven by the gradient of concentration.
For the P r þ state at positive bias case, as shown in lower left sketch of Fig. 3(b) , a large I inter-drift-L , I de-drift , and I diffusion flow to the left, at the same time I bias and I inter-drift-R move to the right. Due to the small barrier height at the right interface between BFO and Au, the I inter-drift-R is much weaker than I inter-drift-L . The value of I bias is determined by the bias. When the bias is zero, the net photocurrent (shortcircuit current) is leftward. When the bias is larger than a critical value, the I bias combined with I inter-drift-R will exceed the leftward current, inducing a net current following to the right. For the negative bias case, as shown in lower right sketch of Fig. 3(b) , the interface barrier at left side increases, resulting in a higher I inter-drift-L . Meanwhile, the interface barrier at right side decreases and disappears finally at higher bias, leading to the vanishing of I inter-drift-R . Moreover, in this case, I bias is parallel to the depolarization field, further enlarging the leftward current. So, the slope of I-V curve in Fig. 1(c) at negative bias is larger than that of positive bias.
When the polarization of BFO film flips, the depolarization field reverses its direction and points to the right, which results in the shift of the ferroelectric energy band. The distribution of conduction band and valence band of our planar device is shown in Fig. 3(c) . Based on the similar analysis, the total photocurrent flows rightward at positive bias. At negative bias, the direction of net photocurrent is dependent on the competition between leftward and rightward currents. Along with the polarization flips, the open-circuit voltage and the short-circuit current are both reversed.
For our interdigital electrode configuration, although the polarization field and interface barrier in the neighboring interspacing are opposite, it does not influence the charge collection. After the BFO film is polarized with high voltage pulses, the electric dipoles are lined up along the direction of electric field. Due to the opposite polarization field of the two adjacent inter-electrode spacing, the depolarization field, the accumulation of oxygen vacancies, and the interface energy band structure are all contrary. Consequently, the directions of photocurrent in the two adjacent photosensitive regions are opposite. However, the opposite currents in the neighboring regions contribute to the same direction current in the external circuit. So, the photocurrent in planar interdigital configuration has not only been weakened, but instead it gets much strengthened. That means we could get a dramatic photocurrent enhancement without increasing the polarization voltage, which is another advantage of interdigital electrode configuration.
The responsivity spectrum of the P r þ state BFO film at zero bias is presented in Fig. 4(a) . An evident responsivity is achieved in the UV region 300-400 nm with a sharp drop at about 380 nm. The maximum responsivity of 0.15 mA/W locates at 365 nm, which is ascribed to a stronger absorption of the BFO film. The power conversion efficiency is 
Â 10
À2 %, which is comparable to that of Au/BFO/ LSMO/STO sandwich structure (5.5 Â 10 À2 %) 7 and higher than that in the BFO (001) thin films (1.2 Â 10 À5 %). 23 Actually, the responsivity could be further improved when a biased voltage is applied to the film. The responsivity could reach $0.94 mA/W at 1 V bias and 7.89 mA/W at 10 V bias. The responsivity spectrum of the P r À state BiFeO 3 film is almost the same with Fig. 4(a) , but with a lock-in phase supplementary to that in the P r þ state, which again confirms the switching of photocurrent after polarization flips. Fig. 4(a) is replotted in semi-log scale shown in the inset. It shows that the sample has a small response to a wide spectrum with wavelength ranging from 400 to 650 nm, demonstrating a sub-band-gap feature, which is also reported in the work by Sung et al. 24 We conjecture it is related with oxygen vacancies. Oxygen vacancies are always present in BFO films, acting as donor impurities.
The time response of our BFO photodetector at zero bias is shown in Fig. 4(b) . The light source is a 355 nm Nd:YAG laser with pulse width of $5 ns. The transient signal was recorded by a 500 MHz oscilloscope with input impedance of 50 X. The 10%-90% rise time and fall time are 11.8 ns and 23.6 ns, respectively. The response speed of tens of nanoseconds is at least seven orders faster than the results given by Anshul et al. 25 and Moubah et al. 21 in their BFO photoelectric device. Guo et al. demonstrate a non-volatile memory based on BFO photovoltaic effect. 26 They thought that the memory cell could be written within 10 ns and the reading speed is only limited by the RC time constant of the circuit, which is apparently evidenced by our experimental results.
In summary, a ferroelectric photodetector based on BFO planar device has been demonstrated. The device exhibits a substantial zero-bias photocurrent and an open-circuit photovoltage after experiencing high voltage pulses. The direction of photocurrent could be reproducibly switched along with the polarization flips. The switching behavior could be well explained under the scenario of polarization flipping in conjunction with oxygen vacancies electromigration. The responsivity spectrum of BFO device under zero bias shows a peak sensitivity of 0.15 mA/W at 365 nm. The response time is on the order of tens of nanoseconds. All these fascinating characteristics recommend BFO to be a potential candidate in photodetectors with multifunctions. Especially, for our coplanar interdigital ferroelectric device, a larger photocurrent can be obtained by connecting more pairs of electrode fingers in parallel. And the increase of photovoltage could be realized by designing the pattern of domain walls and the geometry of electrodes. So, developing highly sensitive ferroelectric optoelectronic devices is a rising and attractive issue worthy to be explored further.
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